To finalize the design of the next generation of the HeartQuest left ventricular assist device, a suitable impeller had to be designed and tested. The new prototype was based on calculations and test results of previous designs, but required several changes to decrease the size. For most pump designs, this is a simple matter of altering impeller geometry and rotational speed to achieve the desired pressure rise and flow rate. However, this particular pump was limited by housing geometry and the magnetic bearings that support the impeller. Without much freedom in the overall impeller size, the only parameters open to the designers were the blade profiles and the rotating speed. Rather than build several candidates and test them in a rig at enormous cost, computational models of several designs were tested and analyzed. This not only saved money, but also sped up the development time for the project. The computer models were developed in TASCflow, a computational fluid dynamics software package from AEA Technologies. This paper analyzes the data from several of the selected models, paying close attention to pumping performance and general trends from specific design changes. ASAIO Journal 2002; 48:552-561.
The number of people suffering from congestive heart failure (CHF) in the United States is estimated to be more than 4.5 million, and more than half a million people develop CHF each year. 1 Many of these patients could benefit from a total heart transplant or a mechanical assist device. Because of shortages of donor hearts and matches between donors and patients, only about 2,500 transplants are performed each year in the United States. When the whole world is considered, these numbers increase dramatically. Over the last decade, significant progress has been made in the development of mechanical ventricular assist devices (VADs), and many of these are continuous flow devices 2 . Continuous flow mechanical cardiac assist devices currently in human use include the axial flow pumps: MicroMed DeBakey VAD 3 , HeartMate II, 4 and Jarvik 2000. 5 Examples of continuous flow centrifugal pumps that are under development other than the HeartQuest discussed in this article include the Terumo-Akamatsu device 6 and the pump being developed at the Cleveland Clinic by Dr. Leonard Golding. 7 An excellent book on the subject has been edited by Goldstein and Oz. 8 The book is comprised of 30 chapters covering many aspects of cardiac assist devices and is an excellent resource for anyone interested in this subject.
In this article, we have developed a design process that can be followed for any continuous flow blood pump, and, in this process, we use the HeartQuest left ventricular assist device (LVAD) as an example. In particular, the process of progressing from a prototype pump to a clinical design is the focus of the example. The overall project was multifaceted, incorporating the development skills of the University of Virginia, the Utah Artificial Heart Institute, and MedQuest Products, Inc. The pump has a centrifugal design that incorporates a magnetic levitation system to suspend the impeller. This magnetic bearing configuration creates clearance spaces in front and behind the impeller. Figure 1 shows a computer assisted design (CAD) of the CF3 pump with the clearance spaces noted. This has the benefit over a physical bearing in that blood can wash over all surfaces and does not stagnate in the regions behind the pump. Physical bearings also wear out, which means any pump using them would require maintenance and replacement every so often. Because the electronics used in the magnetic bearings are similar to those in electric motors, the magnetic design is expected to have a life span of 15 to 20 years. In our experience, magnet bearings have proven to be more reliable than mechanical bearings in many applications.
Research and development for the HeartQuest pump has focused on two designs in the last few years: CF3 and CF4. The CF3 was solely a concept demonstrator to test important features, magnetic bearing designs, and control algorithms. It proved valuable in determining critical design constraints for future models, namely the CF4, which will be the first clinical prototype of the pump. It will undergo more design iterations before a product goes to market, but future models will have considerably fewer changes. The CF4 will incorporate the successful internal flow path of the CF3 pump and the inlet and outlet will be redesigned for the smaller size. To optimize the geometry of the pump, close coordination will be required with the magnet support requirements. The experience gained from building, testing, and modeling the CF3 provided an excellent starting point to design the next version of the pump, the CF4. The fit trial tests conducted by Dr. James W. Long (personal communication, 1999) with CF3 showed that the size should be reduced by about 40%. This presents a challenge to the motor and magnetic bearings design, as well as to the pump flow path design. Because the implanted pump will run on batteries, issues such as power and pump efficiency are very important. However, the work on CF4 reported here is centered only on the impeller regions of the flow path. Therefore, the goal of the CF4 design was to keep the CF3 pumping performance with a smaller pump that is, at the same time, easy to manufacture.
To produce the same amount of pressure, a smaller pump must spin faster, which can lead to more shearing and blood damage. The manufacturing consideration was to remove any scroll from the blade and use axially vertical blades to allow for easier machining. The shroud on the CF3 impeller was difficult to weld and to coat on the inside. Hence, an unshrouded or open impeller configuration has been analyzed for CF4.
Previous computational fluid dynamics (CFD) studies on the CF3 pump have been reported, 9 -13 and this paper describes the application of CFD to study the many design permutations available for CF4. The first part outlines the theory behind the impeller design. Following that is an overview of the computer programs and methods of the experiments. CFD calculations were used to study the effects of blade height, angle, and sweep on pump performance as well as a detailed analysis of the open versus shrouded impeller designs. These numeric data, coupled with CF3 data, helped determine an optimum CF4 design, which was then modeled and analyzed from the computational results. Finally, a discussion of the results is given.
Theory
The following sections outline the theory behind centrifugal impellers and the design requirements. Specifically, the sections cover general theory, design considerations, and trends between design variables and performance. The purpose is to allow a general understanding of the impeller designs that this project tested. Finally, the section finishes with a brief discussion of the special considerations that separate the HeartQuest pump from conventional pump theory. Specifically, the discussion focuses on the reduction of blood damage in the pump and how this affects the design.
Several theories exist to explain how an impeller imparts its energy to the flow, but the one most commonly accepted and used is the angular momentum theory. This states that the torque on the impeller is equal to the time rate of change of the angular momentum of the fluid. From the torque and velocity triangles, the theoretical head can be determined. The following equations show the progression from torque to theoretical head. 14 T ϭ ␥Q͑r 2 c u2 Ϫ r 1 c u1 ͒ 
Finally, using the definition of head yields the expression 15
For most applications, however, the flow is assumed to approach the impeller without any tangential velocity. This makes c u1 equal to zero and further simplifies the above equation 14, 15 to give
In practice, the real value is always lower than the theoretical head. However, the same theories and equation can be applied with the aid of velocity triangles to describe the actual head as a function of the exit velocities. Keep in mind that this is still a quasi-idealized flow, as the velocities are average quantities, and no frictional or slip losses are included. The velocity triangles give the following expression:
Substitute this into the head equation to get the following:
If efficiency and flow slip factors are included, the above equation becomes the following 14 :
Both of these last two equations are very important for the pump design process because they relate many of the design parameters in a simple equation. More discussion of these parameters follows later in this section.
A pump designer has a number of variables to consider, such as the operating condition of the pump and the geometric limitations. For a VAD, the pump size is of great importance, as are the effects of the pump on the blood. To minimize damage to the blood, areas of study are high shear regions, stagnation points, and possible flow separation regions.
One of the first decisions to make in the impeller design is the number of blades. The main reason for more blades is to reduce slip, which is defined as the ratio of the actual tangential velocity to the theoretical and quantified by the equation
However, slip is not a problem all pumps experience. In low flow, slower speed, or very small pumps, other fluid effects are dominant. For very small pumps, viscous boundary layer effects dominate the core flow. This higher shear region occupies more of the flow and controls the direction. In low speed, low flow pumps, the velocities are not sufficient to begin separation from the blade, and therefore follow the blade profile. Compared with the vast majority of centrifugal pumps used for the development of pump flow curves, the HeartQuest pump is very small and has a relatively low flow rate. Hence, the specific speed of the CF4 is off the charts of conventional design curves. In cases where slip is not of great concern, a design with much higher blade angles can produce considerably more head without the anticipated losses.
Another important design variable is the blade exit height, which directly determines the discharge velocity for a given flow rate. This relationship is
where the denominator of the expression is simply the outlet area. Increasing the area slows the flow, and vice versa. This is important for the head calculation, which is given by equation 9. The head produced is a direct function of the ratio c m2 /u 2 , and as this quantity decreases, the head increases. The head could be maximized by making the area as large as possible, but there is a limit to the theory. The hydraulic efficiency is directly related to the ratio of the exit to inlet areas. The area must change smoothly from inlet to exit, and the ratios must be close in value to maintain a high efficiency. In general practice, the ratio a 2 /a 1 is usually in the range 1 to 1.3, and values higher or lower will reduce pump performance. 14 The next major design variable is the blade profile. As mentioned previously, an optimum exit blade angle exists for each specific design condition. However, the exit angle is only one part of the blade design. The inlet angle is also important, as well as the path. For the specific condition of inlet and outlet blade angles being equal, a simple logarithmic spiral equation defines the profile as r ϭ r 1 e ͑/180͒tan␤ (12) However, sometimes it is desirable to vary the blade angle as a function of the radius. In these cases, the design gets more difficult and must be broken up into discrete sections.
The final design parameter considered here is the open versus shrouded impeller designs. The HeartQuest pump is a low-to-medium specific speed pump, and this regime is not completely explained by current theory. An open impeller for the HeartQuest pump would remove the front clearance gap, which causes additional flow and viscous losses. Therefore, CFD predictions are required to analyze this design option.
Methods and Materials
The virtual testing of the impeller designs requires consistency and robust software code. It was important that the process of modeling the designs be uniform throughout the testing. The AEA Technology software BladeGen, TurboGrid, and TASCflow helped in this regard. A design could be modified slightly and these changes could quickly progress through the three programs. This ensured that gathered data isolated the control variables. In the following section, a discussion is provided of the three programs as well as the procedures involved in generating the models.
This project used three software programs for all of the research: BladeGen, TurboGrid, and TASCflow. BladeGen is a turbomachinery design tool, which allowed easy graphic manipulation of the design parameters. This helped create complicated impeller configurations that were easily manipulated to isolate one or more parameters. This ensured that the boundary profiles stayed the same while the sweep changed and that the sweep stayed the same as the height changed. Once completed, BladeGen exported the proper data files for the next program, TurboGrid. TurboGrid is an interactive grid generation system. It imported the files defining the hub, shroud, and blade profiles. From this and user input, it generated a well distributed grid for use in the final program, TASCflow, which is the fluid solver. It took the grid and a prescribed set of boundary conditions and solved for the flow field; it also allowed for quick and easy postprocessing of the data via its graphic user interface (GUI). The following sections go into further detail of these three programs, as well as how they were specifically implemented in this project.
As was previously mentioned, BladeGen is an interactive impeller design program for the Windows NT platform. It was designed to facilitate the development and testing of impellers for axial pumps, compressors, turbines, and diffusers. While this project did not use all of the benefits BladeGen has to offer, the program was an invaluable tool.
To begin, the program asks for general design information: type of turbomachine, dimensions, sweep of the blade, and relative thickness. From there it launches the interactive portion, where it displays all relevant design parameters. This screen has four windows: profile, top view, thickness, and the curvature sweep. All of the design changes occurred in the profile and curvature sweep control windows. The profile window shows just that, a side view of the hub and shroud along with control points for manipulating the curvature. BladeGen automatically generates these curves from the initial data, and modifications in this window were limited to adjusting the blade height for that series of tests.
The curvature sweep window contained most of the useful design parameters for this project. Small dots on the right side control which profile is edited, the hub or shroud. In each of these profiles, two curves show the blade angle and theta position as a function of the radial distance. Modifying one automatically modifies the other, to maintain a continuous, smooth blade. The user must take special care to ensure that both profiles end on the same theta position or BladeGen produces a severely warped blade. For most of the cases, the blade angle was kept constant at the endpoints and the theta position curves were moved to produce a perfectly linear angle distribution for the interior sections.
For example, say the blade designers wanted a perfectly vertical blade with a constant 10°blade angle. They would first set the inlet and outlet blade angles on the hub at 10°. The next step is to fix the inlet position at some point and move the outlet position until the curve defining the blade angle is perfectly straight. Then they would note the exact angular position of the outlet point, which will set a reference point for the shroud side of the blade. With that set, they would locate the shroud blade angle curves, also at 10°at both extremities. From there, they would move the inlet position point until the blade angle distribution is perfectly straight. Some iteration may be required, but in general, this was the general procedure followed for generating all of the blade curvatures for testing.
BladeGen also has another feature that made testing easier. A tip clearance can be added to either the hub or the shroud. This can convert a shrouded design into an open impeller in just a few simple clicks. For this project, each of the shrouded impellers tested had an open counterpart that was simply generated from modifying the BladeGen file to add this tip clearance. BladeGen automatically calculates the new blade profiles at the blade top and a projected profile at the shroud. This facilitates the grid generation process and is a highly useful feature.
Finally, because BladeGen is an AEA Technologies product, it integrates seamlessly with the other computational fluids and turbomachinery programs. It exports the data files necessary for TurboGrid, namely the hub, shroud, and profile curve files. Another useful feature is that all the impeller designs are archived and easily modified so, when future design constraints arise, the existing ones can be altered and retested almost instantly. Because of all this functionality, BladeGen was important for the success of the project.
TurboGrid was the next software used. It is an interactive grid generation program, specifically designed for turbomachinery. It is preprogrammed with several algorithms tailored to the different complexities and curvatures of the various types of turbines, compressors, and pumps. However, although the algorithms are good starting points for the grid generation, they does not always yield the best grid for the computations. Because of that, TurboGrid provides a user interface for manipulating control points and parameters. This functionality allows for optimization of the grid through iteration. After much practice, a good grid can result from only two or three tries.
To start out, TurboGrid accepts three input files: hub, curve, and blade profile definitions. For this project, BladeGen provided these. The program then prompts the user to input parameters such as rotation axis, number of blades, and the type of turbomachinery the data files represent, and it then launches the GUI. From there, the user moves control points on the grid and can adjust the distribution. The goal is to minimize the aspect ratio of the elements and to keep the minimum angle as high as possible. Additional controls allow for adjusting the size of the grid and adding tip clearances, when applicable. This made for easy gridding of the open impeller cases and for adjusting the size to optimize the computational simulations. After all the control points are set, TurboGrid generates the grid and displays some grid quality information. If the minimum angle and aspect ratio are within the desired limits, the user can exit and move on to TASCflow. Otherwise, the control points are adjusted and the process is repeated. One of the most useful features of TurboGrid is that the configurations can be saved and even applied to different designs. In other words, a grid configuration file for one impeller can be directly applied to another. This is especially timesaving for this project, because most of the impeller designs tested only differed slightly. Once one TurboGrid file was created, it was applied to the others and only needed slight tweaking to generate a new high quality grid. Separate files were required for the open and shrouded impeller designs, but having just two configuration files was much easier than repeating the grid generation process for all the tests.
Once TurboGrid generates the grid file, the simulation is run using TASCflow, a full Navier-Stokes CFD solver. Its operation is simpler than that of the others in that it is mostly an interface for the boundary conditions and solver parameters. Almost all of the functionality occurs behind the interface, in the solver section.
Once TASCflow reads in the grid file, the user is free to apply boundary conditions and set up the simulation. The GUI is progressive and easy to understand. The first menu choice allows the input of general parameters, such as fluid properties and type of simulation. Check boxes allow for activating turbulence models, rotating frames of reference, and heat transfer. Additional buttons allow the input of fluid parameters such as viscosity and density. Once the general type of problem is set up, the user can then connect the grid interfaces on the next menu.
The grid connection menu allows for multiple grids to be glued together for one simulation. For full pump models or complicated flow passages, this is necessary. However, because TASCflow and TurboGrid are both AEA products, the data files integrate well. TurboGrid generates all the necessary grid connection information and the user may skip this step.
The final preprocessing step is to enter the actual boundary conditions. The next menu gives options to set up walls, inflow, outflow, and openings. In TASCflow, inflow and outflow limit the direction of the flow. Openings allow fluid to move in any direction, and this can be useful if adverse pressure gradients reverse fluid flow. For example, the velocity profile and mass flow are prescribed at an inlet and the static pressure at the outlet. However, the outlet flow is usually described as an opening that allows the possibility of reverse flow. The user also chooses the turbulence model to be used and can accept the default initial turbulence parameters or prescribe them based on experimental values. The next step is to set the solver parameters maximum time steps and maximum residual and then start the solver.
After the run converges to a solution, TASCflow then becomes a very powerful postprocessing tool. The user can quickly generate pressure plots, velocity vectors, or shear stresses. The program also comes equipped with a variety of turbomachine macro functions. These calculate useful parameters such as head, efficiency, torque, power input, and averaged velocities. These results are put in an output file for further analysis.
The starting point for the design was the geometry of the CF3 with an impeller radius of 30.5 mm. Varying geometric parameters can lead to very large numbers of cases to be studied. For this initial design study, the blade design was limited to blades that were straight in the axial direction. The design parameters considered were the radial blade curvature, blade exit height, and if the impeller should be shrouded. Table 1 lists the design conditions and parameters for the pump.
Variation of the blade height also affects the inlet to outlet area ratio, which is also affected by the eye radius. To isolate the effects of the blade height in this study, the eye radius was fixed at a value of 1.388 mm. In the future, this parameter might be studied in more depth.
The parameters ␤ 1 and ␤ 2 define the blade curvature. With some user input, BladeGen takes these values and generates smooth curves for the blade profile. In three of the five designs, ␤ 1 equals ␤ 2 , and the result is a log spiral. As discussed in previous sections, conventional theory recommends that ␤ 2 be between 17°and 90°. On the other hand, not much emphasis is given to the effects of ␤ 1 . It affects the inlet flow, but it is not as critical as ␤ 2 in the design. One source recommends it be between 15°and 50°. 9 Our goal in this work was to develop a viable preliminary design that could then be iterated with the requirements of the motor and bearings systems. The testing theory employed was to keep as many parameters the same and vary only one control parameter at a time. The first parameter studied was the blade curvature. Three constant blade curvatures were considered and two variable ones. The next design consideration was the effect of an open impeller over a shrouded one. Theory dictates that an open impeller will have more losses and lower efficiency than a shrouded one, because of tip leakage. However, considering that in this application a shrouded impeller will have a clearance gap anyway, it could be expected that some of the losses observed in an open impeller are similar to the losses a shrouded impeller experiences through the front clearance gap. Because of these issues, the open design was analyzed. All five of the previous designs were rerun with a tip clearance of 15 mils. The last design parameter examined was the effect of the blade height. All previous designs examined had a blade exit height of 2 mm. To study trends in efficiency, pump performance, and force, three of the above blade curvatures were retested. The new designs had exit heights of 1 mm and 3 mm, respectively.
The exit height affects the area ratio, and Table 2 shows the area ratios of the different blade heights. Because the hub and shroud dimensions were the same for all the tested designs, these values will not change between the designs. For simplicity, the following formulas were used for the areas. 14
Conventional pump theory predicts that the area ratio should be close to unity, but for our pump, this occurred only with the 1 mm blade height designs. The other blade heights gave area ratios far out of the traditional design range. However, the small size of the pump kept it outside the traditional operating regimes. The effect of area ratio on smaller pumps is not well documented, so these CFD calculations provide data necessary for design consideration.
The impeller is comprised of the blade passage and clearance gaps, so to predict the force accurately, the clearance gaps were also modeled. These models provided offsetting forces and correction factors for the impeller models. Other project research efforts developed computational grids for both the front and back clearance gaps. For the shrouded cases, both the front and back clearance gaps are required to correct the flow, while the open impellers require only the back gap.
For simplicity, all of the grids were single block "H" grids and modeled only one blade passage. Simple convergence testing revealed that the model would require 75,000 elements to converge properly. The goal was to find a grid size with an acceptable amount of change in these values but also to keep the grid as small as possible to minimize simulation run time.
The open impeller grids were roughly the same size as the shrouded ones; however, each of these open impeller grids contained several elements in the newly formed tip clearance region. Using the k-⑀ turbulence model in TASCflow, it was determined that four to five nodes in this region were sufficient. More nodes would cause aspect ratio problems that would distort the results.
The grids for the clearance gaps came from previous research. 16 The front and back clearance gaps contained 18,000 and 20,000 elements, respectively. These grids were not as accurate as the impeller grid; however, because their sole purpose was data normalization for the impellers, they needed only provide rough data. This size grid was more than adequate for that purpose.
The two control parameters for the computations are the rotational speed and the mass flow through the impeller. Calculations were performed for each of the impellers at 6, 8, and 10 L/min of blood flow and at operating speeds of 150, 200, and 250 radians per second. For reference purposes, the outlet region was set to 20,000 Pa of pressure. Because the fluid is incompressible and the pressure and force values are taken as differences, the reference conditions cancel. Only one blade passage is modeled, and a periodic condition is used on the sides of the grid to simulate the complete impeller. The fluid values used to model normal human blood are 1,050 kg/m 3 for density and 3.5E-3 kg/m-s for viscosity. The k-⑀ turbulence model was used in the TASCflow calculations. A separate experimental research task at the University of Virginia used laser particle image velocimetry to measure fluid velocities in a CF3 pump model. 17 The CF3 model used in these experiments included windows allowing optical access to the front clearance region of the pump. CFD calculations were carried out using eight turbulence models available with the TASCflow code, and the results showed that the k-⑀ turbulence model gave the best comparison with the experimental measurements.
The same set of solver parameters was used for each run, which ensured constancy throughout the data sets. The time step required was 8E-4 seconds, which made for extremely long computations, but because of the size of the impeller passages, anything larger would have caused problems with convergence. The convergence criterion was set so that the maximum error residual was less than 1E-4. In other words, the difference between flow parameters in successive steps could not be more than 1E-4. A convergence analysis compared this number with 5E-4 and 5E-5, and it was determined that 1E-4 was the best choice because it gave the highest accuracy for the computational time.
Discussion
This project yielded a large amount of results reported by Curtas 18 and these results are summarized here. Of the thousands of calculated values, the analysis is centered on three critical parameters: power efficiency, total head, and total force predictions. A macro in TASCflow was used to calculate these quantities. The force calculation integrates the pressure values times the area over the wall surfaces. The following equation defines the power efficiency:
In this expression, M is the torque on the impeller, i.e., it is the total pressure difference times the volumetric flow rate divided by the input power. The head is calculated by the expression
where is the density of the reference fluid and g is the gravitational constant. The amount of blade curvature was expected to affect pump performance greatly, but this was not always the case. The shrouded designs did not seem to show much variation in performance, efficiency, or force. The total head was highest from the straighter impeller, which corresponded directly with theory. The next highest heads came from the evenly swept blades. However, although these trends are apparent, the amount of total head does not seem to vary much from design to design.
While a straighter blade may have developed more total head, this design tended to lose efficiency. The more curved blades were the most efficient, with the straighter blades slightly less so. The variable angle designs were even lower in efficiency. This suggested that it is possible that a steadily curving design such as the log spiral is more efficient than a variable angle design. An interesting point is that the most efficient blades had steeper angles at the inlet. This led to the conclusion that inlet angle also seems to be an important factor in impeller efficiency. Almost no variation in the force existed with respect to design for the shrouded test cases. The force was simply a function of rotational speed and impeller flow rate.
Similar trends occurred with the open impeller designs. While the data were not grouped as closely, the general trends, with respect to total head, were the same. Exactly the same as in the shrouded cases, the straighter blades developed the most head. So to summarize, the fixed curvature blades developed the most head and variable curvature blades developed the least. This follows the theory that the smaller the curvature, the more total head developed.
The efficiency data were not so clear. These data were more jumbled than for the shrouded cases. However, the highest efficiencies still came from the moderately curved blades, which followed the data from the shrouded case. The open designs clearly had more variation in the force, and the straight blade designs developed the most force. It is interesting to note that the trend for the net force exactly followed that of total head. This is not surprising, because an impeller that develops more total head will develop more pressure, which translates into more force on the surfaces.
The next design parameter studied was the effect of removing the shroud of the impeller. For every blade shape, two sets of data were run: one open impeller and one shrouded impeller. Because the force, total head, and efficiency were so well grouped, those values were averaged for general comparison. The open impellers all developed less total head than the shrouded average, which was expected. Clearance over the top of the blade allowed leakage flow, which reduced the amount of pressure, so this chart is indeed a direct comparison of the corrected quantities. After these adjustments, the straight blade designs developed similar amounts of pressure head compared with the shrouded average, and this held for all three operating speeds and flow rates. This leads one to believe that the losses incurred over the tip of the straighter blades are balanced by the losses a shrouded impeller took through the front clearance region. The blades with higher curvatures were more affected by this tip leakage. Overall, it appeared that the open impellers can develop close to the same total head.
Keep in mind, however, that each impeller experienced a decrease in total head when the shroud was removed. Some designs fared well against the shrouded average, but they still lost between 8% and 12% of the total head. Most affected were the variable curvature designs. Again, the fixed curvature designs experienced the least amount of loss.
The changes in efficiency were much more pronounced than the changes for the total head. The efficiencies dropped from approximately 76% to approximately 66%. This 10 point drop, although not catastrophic, can affect the life of the batteries. While there was some variation in the data, the efficiency drop appeared to be more a function of flow rate and rotational speed rather than blade curvature. This is good because it completely isolates the open versus shrouded design parameter. By uncoupling it from other parameters, the decision can be based solely on efficiency losses compared with benefits of an open impeller.
The force was actually much lower for the open designs, because of the larger forces produced in the front clearance gap, which were not present in the open designs. Note once again that the designs with the highest force were also the ones that produced the most pressure rise. The straighter blades had less of a margin to lower the axial thrust and, therefore, may appear to be worse designs. However, the realization that the higher total head comes at a cost must offset this issue. Because the pump can run at a lower speed in the higher head pumps, less blood is damaged in the clearance gap, which is one of many design factors.
Overall, removing the shroud gave a decisive benefit to the design. The force was lowered for all blade profiles and the total head losses were not too great. The efficiency was lowered quite a bit, but requiring less bearing force offset this; for electrical power, this might be an advantage. Finally, the other factors, such as blood damage and manufacturing, seemed to favor the open design. The front clearance created high shear regions that damaged blood. The shroud was difficult to weld onto the blades, and subsequently, the impeller passages were difficult to coat with anticlotting compounds. As the benefits outweighed the losses, so the final pump design will most likely contain an open impeller.
The final parameter was the effect of exit blade height on the performance of the impellers. Theory predicts that an area ratio of unity is the best design that occurs in this pump with a blade height of approximately 1 mm. However, small pumps, such as the HeartQuest, often have performance phenomena well outside of standard pump theory, and this particular case was no exception. The results clearly demonstrate that the 3 mm designs generated more total head. They also show a trend that less was gained from continually increasing the exit height. The benefits of moving up from 1 mm to 2 mm were much greater than the increase from 2 mm to 3 mm. Although there were not enough data to extrapolate, it is possible that the total head approached some asymptote with increasing height or possibly peaked and then produced less total head. As the area average gets too large, the exit velocities will slow down, diminishing the effectiveness of the impeller. However, as previously stated, not enough data currently exists on this phenomenon, and more research is required.
The efficiency data trends do not deviate much from the total head trends. Again, contrary to theory, the efficiency was the lowest for the 1 mm case and highest for the 3 mm design. As with the total head data, it appeared that the pump stood to gain less efficiency from increasing the blade exit height further. The approach to some asymptote was even more prevalent in this set of results.
Finally, the effects of the exit blade height on impeller force were evaluated. While there is little theory predicting this effect, it stands to reason that more head produced will translate into more force, as was previously stated. However, like most pump phenomena discussed in this section, even the force results defied conventional logic. In the reverse direction, the same trends were evident. The 1 mm designs were the worst with the most force, and the 3 mm designs created the least amount of force. Also, as seen previously, the trend seemed to approach some limiting values. However, this is not quite as it seems. The majority of the force came from the back clearance regions. The resultant forces in the previous cases were in the upward direction. Therefore, having less downward force in the impeller would create more upward force from the clearance region. This is not, however, a complete disaster, as the magnitude of the forces were under 3 N, and were within a manageable range for the magnetic bearings. A redesign of the back clearance region may also reduce the amount of upward force, making the low impeller force of the 3 mm designs here more desirable.
While this research did not examine every design parameter, the ones that were examined did point to an ideal design. Trade-offs are involved, however, but the overall pump should be more efficient. The data for exit height clearly point to a 3 mm blade which yields the lowest force, highest efficiencies, and best pumping performance for all of the tested curvatures. As for open versus closed, other design aspects lead to the decision for an open impeller where the manufacturing and protective coating process would be much easier. Finally, the hardest decision is choosing the blade curvature. The straight and moderately curved blades all provided the best performance at the highest efficiencies with the lowest forces. The trade off seemed to be performance and lower force versus efficiency. Straighter blades produced the highest total head with the lowest force, but at lower efficiencies. Slightly curved blades had the best efficiencies with lower, but comparable, head and force characteristics. The final design was a compromise in which the decision was to split the difference in blade angles and create a design with an average curvature of 13.5°. Figure 2 shows the computational grid for Design v4.0.
Design v4.0 was modeled and run in a similar manner as the previous cases. Grid size was approximately 75,000 elements, with the convergence set to 1E-4 for the maximum residuals. The boundary conditions run were also the same: three flow rates and three rotational speeds, for a total of nine data points. In addition to the impeller data, the back clearance gap was also remodeled with the pressure boundary conditions of the new impeller. This gave a more accurate correction factor and prediction of flow rates and forces. Table 3 outlines the corrected results for v4.0. This design performed well against its predecessors, developing more total head than any of the 2 mm designs. This is expected, however, because all of the 3 mm designs outperformed their shorter counterparts.
In order for this design to be an acceptable upgrade to CF3, the overall performance must be equal to or better than CF3 for the operating conditions. Based on an average for impeller losses, the operating point should produce a 120 mm Hg static head for a flow rate of 6 L/min. Because the dynamic head is only 1.7 mm Hg, or about 1.5%, it will be ignored. Therefore, the operating point will be considered to be 120 mm Hg total head at 6 L/min corrected flow rate. For the case of Design v4.0, this occurred at slightly faster than 200 radians per second, or 1,910 revolutions per minute. However, when the exit volute is included in the calculations, losses will be incurred that are expected to require a higher operating speed to produce the desired flow and pressure. Current estimates are that the operating speed will need to be approximately 25% higher, or around 250 radians per second. A computational model of the complete pump is currently being developed.
The following figures show direct comparisons between Design v4.0 and CF3. It is important to note that CF3 was designed to operate at a higher flow rate and produce more pressure. However, the shrouded design encountered high losses in the clearance regions and volute, which greatly affected the efficiency. These are not direct comparisons, but they show some relationships that are important. Figure 3 shows the total head produced by CF3 and Design v4.0. Notice how much more head CF3 generated, and based on the design points, each performed as expected. This could be attributed to several factors. First, the CF3 impeller had a larger radius. This allowed for faster peripheral velocities at the same rotational speeds, which translated into more head. In addition, the CF3 impeller was shrouded. As discussed earlier, this is shown to produce more head than its open counterparts. Figure 4 shows the efficiencies of both impellers. Contrary to expectations, the shrouded CF3 impeller was far less efficient than Design v4.0. Clearance gap flow accounted for almost all of this phenomena. CF3 experienced massive reverse flow through the clearance gaps, on the order of 30%. This is far higher than the back flow for v4.0. The increased flow resulted from a wider clearance space of 30 mils, as opposed to the 15 mil gap of v4.0. CF3 might have started off as a more efficient design, but these benefits were immediately lost to the clearance spaces.
Finally, Figure 5 compares the net force acting on the two impellers. Notice how much more force acted on CF3. At first, it would appear that CF3 experienced more upward force because it produced more pressure. However, CF3 produced roughly twice the amount of pressure, but over three to five times the amount of force. Another contributing factor may have been that CF3 was larger and therefore had more area on which the pressure could act. It was 40% bigger, which equals 1.6 times as much area. So considering both factors, CF3 was expected to produce around three times as much force. This is close, but not exact. Additional factors, such as clearance gap design, must factor in as well.
Compared with CF3, and keeping in mind that the pumping requirements changed slightly between the two designs, v4.0 performed well. With a properly designed volute, it can be expected to produce adequate head and flow characteristics at lower rotational speeds, higher efficiencies, and lower forces. However, pumping ability is not the only critical requirement for a blood pump. Design v4.0 must also pass blood damage and clotting tests.
The final step in analysis of the impeller design is to verify flow paths and blood damage. As the purpose of this pump is to move blood, it must also not damage the blood in any way. This means that the shear rates and exposure times must be under certain critical levels. The flow paths must also be free of stagnation points, which would allow the blood to clot.
The first analysis deals with shear stress. Using Fortran code supplied by AEA, TASCflow calculated the velocity gradients in all directions, after which a macro function calculated a scalar shear stress from the components of the normal shear stress and turbulent Reynolds shear stress. 3 This scalar quantity could then be easily analyzed. Table 4 shows the maximum scalar shear stress for each of the nine boundary conditions run.
The damage threshold for the blood with wall interactions occurred after 2 minutes of exposure to stresses up to 300 Pa. Other sources show 150 Pa for 2 minutes for a coupled maximum of 300 Pa-min of exposure. Based on these figures, this impeller will not significantly damage the blood. Keep in mind that the damage threshold is the onset of any damage. Because the body is continuously producing new blood cells, it is plausible that the pump can damage some cells without negative effects on the body, but this is an area that requires more research to quantify this concept. However, if the exposure times were very short and the regions of high shear were very small, this negative effect becomes moot.
The following figure shows an isotimic plot of the high shear region. An isotimic plot highlights all the elements where a certain parameter is over a certain value. In this case, the parameter is the scalar shear stress and the value is noted on the figures and in the captions. Figure 6 shows the plot for 10 L/min, 250 rad/s with the highlighted values at 350 Pa. This region is small and the shear value is slightly out of acceptable limits. However, compared with the entire impeller, this region is very insignificant. If the exposure time is short, the high shear will still be acceptable.
To determine the exposure time in the impeller, TASCflow was used to plot streak lines for the flow field. Figure 7 shows the relative paths for the boundary condition mentioned above. For these paths, the time in the impeller varied from 0.04 seconds in the first case to 0.02 in the last. This is from slightly upstream to completely clear of the impeller. Based on the size of the high shear region in Figure 6 , this puts the exposure time at approximately one hundredth of a second, which is several orders of magnitude smaller than acceptable limits. While this high level of shear may require more research in the biomedical field, it appears to be acceptable in this specific case.
Another area of interest in the streak line figures is the flow path on the pressure side of the blade. It appears that the flow went around a bubble attached to the blade. This was evident in all the cases for Design v4.0. This leads one to wonder if there is recirculation or a stagnation point in this region. Because stagnation points will cause blood clotting, which is unacceptable, the next area of analysis was the relative speed in the flow path. However, further investigation showed no regions of zero speed and that the majority of the flow in the bubble traveled over the blade, with no recirculation regions or stagnation points. Based on this information, no thrombosis should occur.
Conclusions
The purpose of this project was to isolate several impeller design parameters for the next generation HeartQuest pump. Each variable was analyzed on its own merits, such as pumping performance, efficiency, and net force produced. After all the modeling data were calculated, the final design was a culmination of all the best attributes for each design parameter. However, the pump also had to meet other performance criteria, such as low blood damage, no stagnation points, and easy manufacturability.
The first isolated parameter was the blade curvature. A general trend showed that total head increases as the angle gets smaller. This followed theory well, but should not be followed blindly, as the straighter angle will cause some problems in the volute. Future work should study effects of blade exit angle and volute design on efficiency. More blade designs should be tested, including constant curvature blades at higher sweep angles.
The next study focused on an open versus shrouded impeller. The theory predicts some losses, but not so much as to completely ruin a blade design. The drawbacks are flow loss over the top of the blade, but the shrouded impeller has a clearance gap in the front that allows back flow as well. These negative effects are outweighed by manufacturing and shear concerns. The open impeller is easier to machine and coat, plus no welds are required to attach the shroud. The shear is reduced because blood is free to wash over the blade and not get stuck in a higher shear region for an extended period of time in the front clearance gap. The open case will always be slightly less efficient, but this loss is predictable and can be compensated for by running the impeller at a slightly higher speed.
The final design consideration was the effect of the exit blade height. Unlike the previous parameters, these data showed clear and irrefutable trends. Against theory, which predicted the 1 mm case to be the ideal design, the larger the exit height, the more total head, lower force, and higher efficiency were produced. These values seemed to approach a peak or asymptote, but not enough data were collected to prove that. This should be a topic of future research. However, of the designs tested, the 3 mm case turned out to be the best.
All of these data led to the development of Design v4.0. This impeller supposedly captured all of the benefits of each test. That is not to say this is the best design for the final version of CF4, but it is a starting point for future research. This impeller performed to expectation in terms of total head. Additionally, its efficiency was far greater than the CF3 impeller, mostly because of the lack of a front clearance gap. Finally, the forces on v4.0 were much lower than CF3, thus reducing the load on the magnetic bearings. Design v4.0 has all of these benefits, and it produces the required pressure and flow characteristics at the same or lower speeds than the CF3 pump. This is contrary to theory, which states that smaller pumps generally must spin faster to produce the same head and flow as a larger pump of similar design. This slower speed should reduce blood damage in the back clearance gap.
The final analysis centered on flow path and blood damage. No stagnation points appeared anywhere in the flow. Some small high shear regions appeared at the blade inlet and exit, but they were very small and the fluid was only exposed to this shear for short periods of time, which is within tolerable limits. Some irregularities appeared in the flow, namely the way the flow avoids the pressure side of the blade. However, this is not of immediate concern, because the analysis showed that the fluid does not stagnate.
Overall, the final pump design performed well. It was as efficient as predicted and produced less force. It will be easier to manufacture and test. As is important to all blood pumps, it does not appear it will damage the blood in any way. Finally, while some improvements may be made in terms of blade angle, scroll, and volute design, this impeller will serve as a good starting point for future research and manufacturing.
